The Effect of the Ta addition on the fabrication of the ductile phase reinforced Cu-Zr-Ti bulk metallic glass (BMG) matrix composite was investigated. A composite microstructure consisted of mm-scale Ta-rich solid solution particles distributed in the BMG matrix was successfully obtained by injection casting of the (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 alloy into a copper mold. Ta-rich solid solution particles were observed to form first in the liquid melt during solidification, while the remaining melt solidified into the amorphous phase at lower temperature. The monolithic Cu 60 Zr 30 Ti 10 BMG shows a compressive strength of 2080 MPa and a fracture strain of 3.3%, while the (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 BMG matrix composite shows compressive strength of 2320 MPa and, in particular, a significantly improved plastic strain to failure of about 14.5%. The remarkable ductility improvement in the (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 composite could be explained by the presence of the highly ductile Ta-rich particles.
Introduction
Extensive studies have been performed to develop various bulk metallic glasses (BMGs) due to their scientific and engineering significance. BMGs have been produced in a number of alloy systems such as Mg-, Zr-, Pd-, Fe-, Co-, Tiand Ni-based alloys. [1] [2] [3] [4] [5] [6] [7] Compared with the crystalline materials, due to inherently different atomic structures of the amorphous phase, these BMGs exhibit exotic properties such as high tensile strength, high corrosion resistance and good soft magnetic properties, etc. The Cu-based BMGs among them are relatively low-priced and, therefore, have a potential for practical applications. Recently, BMGs with high glass forming ability, exhibiting the maximum thickness approaching 5 mm, have been reported in the Cu-Zr-Ti-(Y, Be) and Cu-Hf-Ti-(Zr) alloy systems. [8] [9] [10] The Cu-based BMG exhibits high tensile strength exceeding 2000 MPa. However, the absence of adequate amount of plasticity inhibits wide spread applications for structural components. Under a confined loading condition, BMGs exhibit a catastrophic failure due to a localized deformation on a dominant shear band. 11) One way to provide a global ductility to BMG is to produce a composite microstructure, consisting of a crystalline phase embedded in an amorphous phase. The crystalline phase dispersed uniformly in the amorphous matrix may act as an obstacle for inhibiting the shear band propagation, resulting in the multiple shear band formation throughout the specimen, which, in turn, leads to the enhanced plasticity. 12, 13) BMG matrix composites can be obtained by various ways such as partial devitrification of as-cast metallic glasses, mechanical alloying of elemental powders blended with insoluble particles, and precipitation of a dendritic crystalline phase from the melt during casting. [13] [14] [15] [16] [17] In this study, we intended to fabricate a Cu-based BMG matrix composite with improved ductility. By adding Ta in Cu-Ti-Zr alloy, a BMG matrix composite, in which ductile metallic particles are distributed homogeneously, was successfully fabricated. The mechanical property of the composite has been evaluated under quasistatic compression.
Experimental Procedure
The ternary Cu 60 Zr 30 Ti 10 alloy is reported to have a high glass forming ability enabling the fabrication of the BMG sample with the maximum diameter of 4 mm. 8) Ta has a high melting temperature of 3269 K, and forms a complete solid solution with Zr and Ti. Thus, in the present study, Ta was added in the Cu 60 Zr 30 Ti 10 alloy. The Cu 60 Zr 30 Ti 10 and (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 alloys were prepared by arc melting high purity Ti(99.9%), Cu(99.9%), Zr(99.9%) and Ta(99.9%) under a purified Ar atmosphere. The Zr-Ta master alloy was used to prepare the Ta containing alloy. Rapidly solidified ribbon specimens were prepared by re-melting the pre-mixed alloys followed by ejecting with an over-pressure of 50 kPa through a nozzle onto a Cu wheel rotating with a surface velocity of 40 m/s. The resulting ribbons had a thickness of about 30 mm and a width of about 2 mm. The injection casting was also performed to fabricate the bulk amorphous samples and the composites. Appropriate amount of each alloy was remelted and then injected through a nozzle into the Cu mold, having a cylindrical cavity with 1 mm diameter. Optical microscopy, scanning electron microscopy (SEM; Hitachi, S-2700), and X-ray diffractometry (XRD; Rigaku CN2301, monochromatic Cu K radiation) were performed to examine the microstructures and to analyze the crystalline phases formed in the alloys. The volume fraction of the second phase was measured using image analysis (Image-pro Plus). The thermal properties associated with glass transition and crystallization for the melt-spun and injection-cast alloys were measured using differential scanning calorimetry (DSC; Perkin Elmer DSC7) at a constant heating rate of 0.667 K/s in the temperature range of 373 to 953 K. Room temperature uniaxial compression tests were conducted on the cylindrical cast rods with a diameter of 1 mm and a height of 2 mm using the Instron-type test machine under the constant strain rate of 10
À4 s À1 . The tested samples were observed using SEM. Figure 3 shows the DSC traces obtained from the meltspun Cu 60 Zr 30 Ti 10 specimen and the injection-cast (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 specimen. The DSC trace measured from the melt-spun Cu 60 Zr 30 Ti 10 specimen exhibits one endothermic event, characteristic of the glass transition to a supercooled liquid state, followed by several exothermic reactions associated with the consecutive crystallization of the supercooled liquid. The glass transition and crystallization onset temperatures were 729 and 751 K, respectively. The glass transition and crystallization onset temperatures for the (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 specimen were almost same as those of the melt spun Cu 60 Zr 30 Ti 10 ribbon within the experimental error. However, the amount of the exothermic heat for the first crystallization peak decreased from 26.4 to 23.5 J/g. Considering the volume fraction of the Ta-rich particles within the composite being about 9 $ 10%, the measured decrease in the exothermic heat is considered to be due to the presence of Ta-rich particles in the (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 specimen. Figure 4 shows the compressive stress-strain curves for the In addition, the plastic strain to failure increased significantly up to about 14.5%. The stress-strain curve in the plastic deformation region suggests that the specimen is workhardened during deformation. Figures 5(a) and (b) show that the fracture took place along a direction parallel to the maximum shear, which is inclined by about 45 to the direction of compression (Fig. 5(a) ), and that a large number of the shear bands developed at the surface of the specimen (Fig. 5(b) ), reflecting the significantly improved plastic strain in the BMG matrix composite.
Results

Discussion
In this study, a composite material consisting of mm-scale Ta-rich solid solution particles dispersed uniformly in the BMG matrix was successfully fabricated by adding Ta in the Cu 60 Zr 30 Ti 10 alloy. Since Ta has a high melting temperature, Ta-rich solid solution particle forms first from the melt during solidification, while the remaining melt solidifies into the amorphous phase at lower temperature. The glass transition and crystallization onset temperatures measured from the monolithic BMG and the BMG-based composite (Fig. 3) were almost identical, indicating that the composition of the BMG matrix is very similar to that of the monolithic BMG.
The Cu-based BMG matrix composite exhibits improved mechanical properties with a significantly enhanced plasticity ($14:5%). Recently, improvement of ductility has been reported in the Zr 56:2 Ti 13:8 Nb 5:0 Cu 6:9 Ni 5:6 Be 12:5 system by forming a dendritic ductile intermetallic phase in the BMG matrix. 17) However, compressive elongation of the composite was less than 10% and the fracture strength decrease when compared with the monolithic BMG. In the BMG matrix composite, several earlier studies have reported that the improved ductility results from the formation of multiple shear bands initiated at the interface between the reinforcing particles and the BMG matrix, while the strength is decrease due to weakened resistance for crack formation. However, unlike other amorphous matrix composites, in which improved ductility could be obtained at the expense of their strength, the developed composite in this study exhibited significant improvement both in strength and ductility. One of the reasons for the improved properties is considered to be due to the characteristics of Ta. Although Ta has a high melting temperature, it exhibits an excellent ductility of about 40% at room temperature. 18) Therefore, a remarkable improvement in ductility of the (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 composite could be related with the ductile nature of Ta. In addition, the Ta-rich particles in the BMG matrix increase the resistance for the propagation of shear bands, contributing to the increase in strength. Although the stress concentration during compression takes place at Ta-rich particles with higher elastic modulus than the amorphous matrix, the composite does not undergo failure either by arresting the propagation of shear bands or branching the secondary shear bands due to highly ductile Ta particles. The strain hardening behavior of the (Cu 60 Zr 30 Ti 10 ) 95 Ta 5 composite (Fig. 4) may also be related to the ductile Ta particles which tends to arrest local deformation. Although the detailed mechanism is not yet identified, it is evident that the ductile Ta particle plays a crucial role for dramatically enhanced plasticity. An investigation on the effect of Ta particles on the initiation and propagation of the shear bands is underway.
Conclusion
A composite material consisting of mm-scale Ta-rich 
